The required magnetic properties of the iron for CBA dipoles are for the most part the same as those for conventional accelerators, namely: low coercive force, high permeability at both low and high inductions and high saturation induction. There are two main differences in the CBA application, i) the iron is at 3.8°K, ii) the magnetic field in the iron can go as high as 6 Tesla, which is well above saturation.
Measurements of the magnetization curves for CBA iron laminations at 300°K and 4.2°K are presented. The data are analyzed in terms of a simple model in which the variation in saturation induction can be separated from the low field permeability variation. Tolerances on coercive force, permeability and saturation induction are discussed.
Field Tolerances and Factors Which Control
The Magnetic Properties of Iron
The design tolerance on the reproducibility of magnetic properties of the iron is Since the saturation induction is controlled by residual impurities, particularly carbon, the best material is nearly pure iron which has an Ms of 2.158 Tesla. [1] [2] It turns out that the low field permeability (4) and coercive force (H c) are even more critically de stacking. Also, the thickness of the material is limited because the carbon must diffuse to the surface in order to be removed by the decarburization process.
Specification No. 94 emphasizes the magnetic properties of the iron. The chemical analysis from the ladle is specified as tightly as the manufacturer will allow on the elements which are routinely analyzed; and it is emphasized that special effort should be made to control the impurities. The ladle analysis maxima are phosphorus, 0.03%; silicon, 0.05%; sulphur, 0.05%; manganese, 0.42%. The manganese is not an impurity, but is required in the alloy at a level of 0.35% to facilitate hot rolling of the ingots.1
Carbon is specified at 0.10% maximum in the ladle, reducing to less than 0.008% in the finished product. The specified density of 7.85 grams per cubic centimeter is within 0.3% of the density of pure iron and thus implies a certain degree of control over the lighter impurities (0,N).
The magnetic properties specified are the coercivity, permeability at two magnetizing forces and intrinsic saturation induction. The specified values are: coercive force of 1.1 + 0.4 Oersted after excitation to 10 Oersted; permeability between 1500 and 3400 at 1 Oersted and between 1400 and 1530 at 10 Oersted. These specifications have been accepted by Arnco, Inc. The intrinsic saturation induction is required to be a minimum of 2.120 Tesla and be reproducible to + 0.05%. This requirement was not accepted by Armco, and was waived for Armco special CR magnet steel.
General Properties of B-H Curves
We now look at the detailed shape of the B-H curve and how it is constrained by the specification. Data on Armco special CR magnet steel are used for illustration because they are available both from the vendor and from our own measurements. Data from Armco3 on low field permeability are shown in Fig. 1 Table I lists the data at 300 K and at 4.2 K.
The coercive force, Hc, is readily determined in the cyclic case to an accuracy of + 0.05 Oe. Table II lists the Hc of a few samples that have been tested.
As mentioned earlier, the determination of the 11 field for a given induction has an uncertainty of + 0.5 Oe. This can lead to an error in pt + 100 at high p. However at a p of 180, this error in 4 is only + 1. The measuring apparatus has a B-field sensitivity of + 15 G at 21 kG, but the major error in (Fig. 3) . Nevertheless, this is evidently a convenient representation of the magnetization curve since a(H) varies by a factor of only 5 for a 3 order of magnitude range in H, over which the permeability varies by a factor of 500. Also, it is clear from this representation that the change in the magnetization curve from room temperature to 4.2°K is due almost entirely to the change of M with the change in a being typically less than 0.00804. The Frolich-Kennelly relation can be used to help understand random variations in the magnetization curve for different lots of materials. Differentiation of Eq. (1), at fixed H, yields
Thus the effect of variation in the saturation induction can be separated from the variation in a(H). At low fields H < 100 Oe, the variation in l/(,u-l) is dominated by variation in a(H Apart from the high field variation, which is a factor of two too large, all the other expected variations are within the CBA central field iron design tolerance of AB /BQ= 1.7 x 10-4 rms without the need of shuffling. it is of course imperative that the weight of the lamination stack be controlled to better than the saturation induction variation, say 0.1% total variation, 0.03% rms, so that no significant additional variation is added to the above estimates. 
